Several mycoplasma species have been shown to form biofilms that confer resistance to antimicrobials and which may affect the host immune system, thus making treatment and eradication of the pathogens difficult. The present study shows that the biofilms formed by two strains of the human pathogen Mycoplasma pneumoniae differ quantitatively and qualitatively. Compared with strain UAB PO1, strain M129 grows well but forms biofilms that are less robust, with towers that are less smooth at the margins. A polysaccharide containing Nacetylglucosamine is secreted by M129 into the culture medium but found in tight association with the cells of UAB PO1. The polysaccharide may have a role in biofilm formation, contributing to differences in virulence, chronicity and treatment outcome between strains of M. pneumoniae. The UAB PO1 genome was found to be that of a type 2 strain of M. pneumoniae, whereas M129 is type 1. Examination of other M. pneumoniae isolates suggests that the robustness of the biofilm correlates with the strain type.
INTRODUCTION
Biofilms are sessile communities of micro-organisms encased within a matrix of polysaccharide, protein and lipid that protect the microbes from harsh interactions with the environment, including the host immune response and antimicrobials (Costerton et al., 1999; Mohamed & Huang, 2007; Vu et al., 2009) . It is generally accepted that most infectious diseases are caused by pathogens that have the capacity to form biofilms (Donlan, 2001) . Many species of mycoplasma including Mycoplasma pneumoniae form biofilms (García-Castillo et al., 2008; Kornspan et al., 2011; McAuliffe et al., 2006; . This wall-less pathogen has a significant impact on human health, causing atypical pneumonia and accounting for 100 000 hospitalizations in the United States annually . Difficulties in eradicating mycoplasmas from their human or animal host have been attributed to the ability of the bacteria to evade host immunity through mechanisms such as formation of a biofilm on the epithelial surface. Identification of the factors that affect biofilm formation may lead to a better understanding of the mechanisms that contribute to the virulence of mycoplasmas.
M. pneumoniae strains are divided into types 1 and type 2 based on the nucleic acid sequence of the P1 adhesin gene (Su et al., 1990; Ursi et al., 1994) . We show here that two strains of M. pneumoniae, one a type 1 strain and the other a type 2, form biofilms that differ qualitatively and quantitatively. We also find a difference in the distribution of an N-acetylglucosamine (GlcNAc)-containing polysaccharide within the intercellular matrix. Polysaccharides that contain GlcNAc contribute to virulence and to the structure of the biofilms produced by a diverse number of microbial species (Branda et al., 2005; Conlon et al., 2002; Kropec et al., 2005; Toledo-Arana et al., 2005) , possibly including M. pneumoniae.
METHODS
Growth of mycoplasma strains for biofilm studies. M. pneumoniae strain UAB was isolated by throat swab in 1980 at the University of Alabama at Birmingham (UAB) from a patient with pneumonia and has been passaged five times in culture medium. The type 1 strains M129 (ATCC 29342) and PI 1428 (ATCC 29085) and the type 2 strain FH (ATCC 15531) were obtained from the American type Culture Collection (ATCC). The mycoplasmas were grown in SP-4 broth (Tully, 1983) or mycoplasma broth (MB) (Davidson et al., 1988) containing ampicillin at a final concentration of 50 mg ml 21 and phenol red at 0.01 % as a pH indicator. Starter stocks were made by scraping biofilms and disrupting them by vortexing and sonicating. The cells were stored in SP-4 containing 10 % glycerol IP: 54.70.40.11
On: Sat, 27 Apr 2019 19:10:33 at 280 uC. Some of the stocks were thawed and assayed for c.f.u. counts.
Biofilm adherence assays. Tissue culture flasks having a surface area of 25 cm 2 were inoculated with 10 5 or 10 6 c.f.u. of mycoplasma in 5 ml of medium. The cultures were incubated for up to 5 days without changing the medium. The number of planktonic c.f.u. and the c.f.u. growing as biofilms were determined by assaying cell culture supernatants (planktonic cells) or attached cells (biofilms) that had been scraped and gently sonicated to disrupt cell aggregates, as previously described (Simmons & Dybvig, 2003 . The percentage of the mycoplasmas growing as biofilms was determined by dividing the number of c.f.u. in biofilms by the total number of c.f.u. in the flask. For each time point the flasks were grown in triplicate.
Fluorescence microscopy of biofilms. Cultures inoculated with 10 5 c.f.u. were grown as biofilms for up to 10 days on glass coverslips as previously described with the medium changed when the colour turned orange, indicating a change in pH . The biofilms were fixed with neutral buffered formalin [4.0 % formaldehyde, 0.4 % sodium dihydrogen orthophosphate, 0.65 % disodium hydrogen orthophosphate (pH 7.0)] for 48 h, followed by three washes for 1 h each in PBS. The lectin Griffonia simplicifolia lectin-I (GS-I) conjugated to DyLight 488 or fluorescein isothiocyanate (EY Laboratories) was used for fluorescence microscopy. Nucleic acids were stained with Hoechst 33342 (20 mg ml 21 ), propidium iodide (1.0 mg ml 21 ) or Syto 64 (500 ng ml 21 ; Invitrogen) and observed by epifluorescence microscopy (Leica HC Microscope) or confocal microscopy (Leica SP1 UV Confocal Laser Scanning Microscope; High Resolution Imaging Facility, UAB). Some biofilms were stained with only propidium iodide or Syto 64 prior to examination.
For staining with Congo red, the biofilms were fixed as described above and incubated in an aqueous solution containing 0.1 % Congo red for 30 min at room temperature Slifkin & Cumbie, 1988) . Red fluorescence was observed using 350 nm excitation and 715 nm emission filters.
Some of the biofilms were imaged prior to fixing using a Pentax K-10 SLR camera equipped with an SMC-DA 18-55 mm lens and a 26 close-up lens. After imaging, they were fixed as described above, stained with Syto 64 and examined by epifluorescence microscopy.
Three-dimensional rendering of the cavities within the biofilm towers. Biofilms stained with Syto 64 were imaged by confocal microscopy to produce stacks of images showing the cross sections of the towers. Black areas within the cross sections of the towers represented areas that did not contain mycoplasma cells and were defined as cavities, and regions external to the towers that did not contain cells were considered background. Using ImageJ (National Institutes of Health, version 1.42g), the brightness and contrast of the images were adjusted such that the value for background equalled zero and the brightness of the cells in the towers was sufficient to make the margins between the cells and the cavities apparent. This resulted in images where the brightness of both the background and the cavities had values of zero. The images were thresholded to delimit the edges of the cavities, converted to binary images and inverted such that the cavities and the background, which had a brightness value of zero before, now had a value of 255. The colour flood tool of ImageJ was used to convert the background area of each image back to a brightness value of zero. These manipulations resulted in stacks of images where the cavities within the towers were represented by pixels with a brightness of 255 while all other areas of the images had values of zero. This distinguished the background regions of the images and the biomass of the biofilm from the cavities in the towers. These stacks of images were used to render three-dimensional (3D) images of the cavities using the software application Daime (version 1.1) (Daims et al., 2006) . Series or families of cavities that were connected were identified in the towers by automatic 3D thresholding-based segmentation of the image stacks.
Biovolume determinations. Stacks of images were acquired from biofilms in which the nucleic acids had been stained with propidium iodide or Syto 64. The images were thresholded and analysed using the ImageJ voxel counter plugin (National Institutes of Health, http:// rsbweb.nih.gov/ij/plugins/voxel-counter.html). The biovolume was calculated by determining the number of thresholded pixels in each stack and converting them to the volume of the biomass expressed in mm 3 . The density of the biofilm is expressed as the amount of biovolume per cm 2 of glass substrate. Significance was determined by Student's t test (SigmaStat, version 3.11) with P¡0.001 considered significant.
Analysis of glycomoieties by GC. The mycoplasmas were grown as described (Bolland et al., 2012) and harvested by centrifugation at 8000 g, and the spent culture medium was collected. The cells were washed three times in PBS and lysed by sonication (full power for 30 s at 90 % duty cycle on a Branson Sonifier 450). The lysates were heated to 80 uC for 15 min to denature proteins and digested overnight at 37 uC with 25 mg DNase I and 25 mg RNase A followed by digestion overnight again at 37 uC with 25 mg proteinase K. The spent culture medium and the lysates were dialysed against deionized H 2 O using dialysis cassettes with a 2 kDa cut-off as previously described to remove small molecules resulting from digestion and monosaccharides that were not incorporated into polysaccharides (Daubenspeck et al., 2009) . GC analysis was performed on the macromolecules remaining after dialysis.
The monosaccharide composition of the samples was determined by GC analysis of the trimethylsilyl derivatives of the sugar methyl glycosides and using known standards as described (Daubenspeck et al., 2009) . For comparison of the amount of polysaccharide produced by the strains, the lysates were quantified prior to proteinase K treatment by using the BCATM Protein Assay kit (Pierce) and normalized to 300 mg of total protein.
Genomic analysis. The genomes of strains UAB PO1 and PI 1428 were sequenced and M129 resequenced using the Illumina HiSeq 2000 platform using 50 bp paired-end reads. A de novo assembly was generated for all strains using Abyss 1.3.4 ) and examined with Abyss-Explorer . FastQ reads were corrected and filtered with Quake 0.3 (Kelley et al., 2010) yielding a total sequenced base count of approximately 203 Mbp (M129), 429 Mbp (PI 1428) and 700 Mbp (UAB PO1). The UAB PO1 and PI 1428 genomes were also assembled using in-house software (unpublished) to generate a reference-based assembly that utilized as input Mauve-based multiple alignments and Burrows-Wheelergenerated short read alignments (Darling et al., 2010; Li & Durbin, 2009 ). The resulting referenced-based contigs were compared with the de novo-based assembly. Inconsistencies between the assemblies were resolved manually. Long-range PCR was not used to resolve gaps, leaving the final PI 1428 assembly with 93 contigs and the UAB PO1 assembly with 17 contigs over 200 bp in length. The resequencing of M129 used a similar approach but utilized only the original M129 Sanger-based sequence (GenBank U00089.2) for the reference assembly, allowing gaps to be filled to generate a single contig. The whole genome shotgun projects have been deposited at DDBJ/EMBL/ GenBank under accession numbers CP003913, ANAA00000000 and ANAB00000000 for strains M129-B7, UAB PO1 and PI 1428, respectively.
Annotations for UAB PO1 were based on our resequenced genome of M. pneumoniae M129 and involved both automated and manual components. ORFs were identified initially using the NCBI ORF Microbiology 159 Finder tool, and each potential gene product of 50 amino acids or more was subjected to analysis. Putative proteins were annotated by a combination of BLASTP homology, output from the Conserved Domain Database, automated annotation by RAST (Aziz et al., 2008) and literature on the protein or its close homologues. Start sites were adjusted to match those of homologues where possible. The list of genes was compared with previous annotations and omissions, which were due to either atypical start codons or incorrect calls in the older annotations. ORFs with particularly unusual codon usage and/ or small size that lacked homologues in other organisms, or ORFs that exhibited substantial overlap with better-established genes, were not counted as genes. Regions of the chromosome were identified as pseudogenes if they appeared to code for a single protein but had interruptions, including frameshifts, nonsense codons or truncations. Genes were renumbered based on their linear order in the genome with a note field in the GenBank record indicating the name of the gene in the original M129 (U00089.2) annotation, if applicable. BEDTools (Quinlan & Hall, 2010 ) was utilized to discover novel genes and differences between the UAB PO1 and the M129 genomes, which were then inspected manually.
The genomic sequences were aligned and analysed for regions of divergence. Single nucleotide polymorphisms (SNPs) were identified using Mauve (version 2.3.1 build 173; http://gel.ahabs.wisc.edu/ mauve/) (Darling et al., 2010) . Analysis of the divergent regions was refined using the local CLUSTAL W multiple alignment tool provided with the BioEdit multiple sequence editor (version 7.0.5.3) and BLAST (bl2seq; National Center for Biotechnology Information). The effects of mutations and rearrangements on the predicted amino acid sequences of the coding regions were analysed using Artemis (version 14.0.0; Wellcome Trust Sanger Institute). Promoter sequences were analysed using BPROM (Prediction of Bacterial Promoters; http:// linux1.softberry.com). The genome reference sequences for M. pneumoniae strains M129 (GenBank U00089.2), FH (GenBank NC_017504) and 309 (GenBank NC_016807) were used in all of the comparisons. Repetitive elements RepMP4c (GenBank FJ603707.1 and FJ603725.1) and RepMP2/3c (GenBank FJ603698.1 and FJ603716.1) within the P1 adhesin gene and the RepMP5c element (GenBank HQ698773.1 and HQ698781.1) within the MPN_142 gene were used to identify M. pneumoniae strain types (Spuesens et al., 2009) .
RESULTS

Analysis of the mycoplasmas growing planktonically and in biofilms
Analysis of the percentage of the mycoplasmas within biofilms as compared with the number of planktonic cells and the overall growth of the cultures revealed differences between strains M129 and UAB PO1. Fig. 1 shows the results of three experiments. Initially, both strains grew at about the same rate with an approximately log increase in c.f.u. per day. M129 grew for 2 or 3 days before entering the stationary phase when the flasks were initially inoculated with 10 5 or 10 6 c.f.u., respectively (Fig. 1a) . M129 grew robustly as planktonic cells, reaching a titre of 10 8 c.f.u. per flask with greater than 98 % of the c.f.u. growing in suspension. The one exception to this was on day 3 of the cultures that had been initiated with 10 6 c.f.u. per flask. These flasks experienced a 94 % drop in c.f.u. of the planktonic cells and a 53 % drop in biofilm c.f.u., indicating that the cells had entered a death phase. UAB PO1 was able to grow for 3 or 4 days before reaching stationary phase, with a titre of 10 9 c.f.u. per flask (Fig. 1a) . A greater proportion of UAB PO1 c.f.u., ranging from about 5 to 30 %, was in a biofilm (Fig. 1b, c) as compared with strain M129 (Fig. 1c, d ), which had less than 2 % of c.f.u. attached to the flasks. In another experiment performed in triplicate using growth conditions identical to the experiments shown in Fig. 1 
Structural differences in the biofilms of UAB PO1 and M129
The biofilms formed by M129 and UAB PO1 differed qualitatively and quantitatively. Biofilms were grown for up to 10 days, changing the medium when indicated by pH to prevent cells from entering the death phase. Gross differences in the structures of the biofilms were apparent to the naked eye. The UAB PO1 biofilms were more robust. A macroscopic view of the unfixed biofilms on glass coverslips showed tower structures in UAB PO1 that were not obvious in M129 unless the biofilms were observed microscopically (Fig. 2a, b) . Epifluorescence microscopy revealed that the towers of UAB PO1 were clearly distinct from the honeycombed regions (Fig. 2c, e) . The M129 biofilms had towers, but the honeycombed region contained few mycoplasmas between the towers (Fig. 2b, d, f) . At no time during the 10 days of growth did the biofilms of M129 appear similar to those of UAB PO1.
Confocal microscopic analysis of M129 and UAB PO1 biofilms revealed substantial differences in robustness and texture (Figs 3a, b and 4) . The honeycombed regions of the biofilm of UAB PO1 were robust and juxtaposed to the towers (Fig. 4a, g ). The towers of UAB PO1 were larger and more mucoid with smoother margins (Fig. 4a, c, e, g ). The biofilms of M129 contained distinct towers but lacked a well-defined honeycombed region (Fig. 4b, d, f) . The towers and their margins appeared to be granular (Fig. 4h) , and individual cells attached to the glass were apparent in the region adjacent to the towers (Fig. 4b, h ).
Differences were observed in the internal structure of the towers. The towers formed by M129 contained cavities (Fig. 5a-i) . Some of the cavities appeared to run throughout the towers and connect the interior with the external medium (arrows). 3D renderings revealed complex networks of interconnected cavities (Fig. 5g-i) . The towers of UAB PO1 contained few if any of these cavities (Fig. 5j-l ).
An examination of other strains of M. pneumoniae revealed that M129 and UAB PO1 were not unique. Epifluorescent microscopy revealed that the biofilm of the type 2 strain FH was similar to that of UAB PO1, whereas that of the type 1 strain PI 1428 was similar to M129 (Fig. 6) . 
Biovolume of UAB PO1 biofilm is greater than M129
When the biovolume of the biofilms was determined after 7 days of growth, UAB PO1 produced a heavier biofilm than M129 (Fig. 3a, b ). This difference was significant (P,0.001). As the biovolume measured the thickness of the biofilms based on the staining of the nucleic acids, the total thickness of the matrix may have been underestimated.
Distribution of glycomoieties in biofilms of M129 and UAB PO1
Confocal lectin-fluorescence microscopy indicated differences in the binding of the lectin GS-I to M129 and UAB PO1. In UAB PO1, almost all of the GS-I bound to the cellular mass (Fig. 3b) . In contrast, in addition to some colocalization with the cellular mass, much of the GS-I bound to areas away from the cellular mass of M129 (Fig. 3a) . Consistent with this observation, in other experiments where M129 was stained with Congo red (Fig. 3c-e) , large amounts of matrix were observed between the cells within clusters of mycoplasmas.
GC analysis of the glycomoieties that were cell-associated or in the spent culture medium revealed differences between the two strains (Fig. 7) . Glycomoieties containing the monosaccharides galactose and GlcNAc were major constituents of the UAB PO1 cells with little galactose or GlcNAc found in the spent culture medium. In contrast, small amounts of galactose and GlcNAc were found associated with the cells of M129 while large amounts of these monosaccharides were found in the spent medium. For both strains, the ratio of galactose to GlcNAc was approximately 1 : 1 in both the cellular lysates and the spent medium.
The monosaccharides mannose and glucose were also detected by GC analysis and found to be associated with the cells of M129 and UAB PO1. Integration of the area under the peaks of the chromatograms indicated the cells of both strains contained about the same amount of mannose and glucose in approximately a 1 : 1 ratio (Fig.  7a) . The spent medium from both strains also had comparable amounts of mannose and glucose in a 1 : 1 ratio.
Genomics
As many factors have the potential to influence biofilm formation, we compared the genomic sequences of M129 and UAB PO1. Coverage of the UAB PO1 genome sequence and the resequenced M129 genome was estimated to be greater than 98 %. The reference-based genomic sequences of UAB PO1 (supplementary data file MPN_UAB_PO1.fa) and the resequenced M129 (supplementary data file MPN_M129_resequenced.fas) were about 817 100 and 816 400 bp, respectively, as compared with the M. pneumoniae reference strain M129 (816 394 bp). Numerous differences in the genomes were identified. SNPs calculated from the reference-based sequences are summarized in Table S1 (available with the online version of this paper). All nucleotide positions (ntp) are relative to the reference M129 strain unless otherwise noted.
Comparison of the major attachment proteins
The DNA sequences were analysed for potential differences that would affect the predicted coding regions of major proteins (adhesins) of the attachment organelle. The P1 operon codes for two major proteins having a role in adherence, the P1 protein and ORF6 gene product, which are encoded by the MPN_141 and MPN_142 genes, respectively. Comparisons of the RepMP elements within the MPN_141 and MPN_142 genes indicated that UAB PO1 is a type 2 strain. The predicted amino acid sequences of the high molecular mass proteins HMW1, HMW2 and HMW3 shared identity in 99.7 % of their positions. The sequence of the P65 gene revealed an 18 aa insertion at positions 162-179 within the acidic proline-rich domain of the UAB PO1 protein, as described by Proft et al. (1995) . However, comparison of the P65 protein in strains FH, 309 and PI 1428 revealed polymorphisms in this domain. The P30 protein shared 99.6 % identity, the P200 protein 99.5 %, P24 protein 99.5 %, TopJ protein 99.7 % and P41 protein 99.7 % between their orthologues in the two strains. The promoter region for the operon coding for P65 and HMW1 contained an SNP at position 364 188 of the M129 reference sequence. This SNP was not predicted to affect the 210 or 235 boxes or any transcription factor binding sites. The promoter regions of the other genes discussed above were identical between M129 and UAB PO1. The genes coding for PrkC, a protein kinase involved in stabilizing the attachment proteins (Schmidl et al., 2010) , and PrpC, a protein phosphatase within the same operon (Halbedel et al., 2006) , were identical between the two strains.
Major insertions/deletions
In addition to the chromosomal differences described above, we detected major rearrangements in five regions of the M. pneumoniae chromosome (Table 1) . Only regions 1, 2 and 4 correlated with strain type and biofilm type, of which regions 1 and 2 have been previously described (Musatovova et al., 2008) . Region 1, which is missing in UAB PO1, is a segment of the M129 genome from ntp 168 936 to 169 592 that codes for MPN_130 and is flanked by 24 bp direct repeats. Musatovova et al. (2008) identified an orthologue to MPN_130 in the type 2 genomes. This gene, which is referred to as MPN_465 in M129, has very little amino acid sequence similarity to MPN_130. However, a second copy of the gene coding for MPN_130 is present in M129 (MPN_094) and UAB PO1 has this orthologue.
Region 2 is a segment of M129 that is absent in UAB PO1 and affects MPN_137 and MPN_138. In UAB PO1, this absent sequence results in a gene fusion (Musatovova et al., 2008) . The fusion gene has the orthologues MPNE_0161 and MPNA1370 in strains FH and 309, respectively, and PI 1428 has orthologues to MPN_137 and MPN_138. A tandem repetitive region was identified at the C-terminal region of this protein. The reference M129, the resequenced M129 and PI 1428 contained seven tandem repeat units of 21 bp in this region while FH, 309 and UAB PO1 had six repeat units. An internal set of seven tandem repeats of 21 bp each, starting at ntp 225 in the gene coding for MPN_138, was absent in the fusion protein.
Region 4 is present in the genome of M129 and includes a 2892 bp segment flanked by two imperfect direct repeats of 525 and 527 bp. This region codes for MPN_457, MPN_458 and MPN_459. It is also present in PI 1428 but absent in UAB PO1, FH and 309.
DISCUSSION
Biofilms provide a structure in which micro-organisms can be protected from host immunity and treatment with antimicrobials (Abdi-Ali et al., 2006; Campos et al., 2004; Costerton et al., 1999; Hoyle et al., 1990; Kropec et al., 2005) . The structure of the biofilm has been shown to contribute to the ability of the mycoplasmas encased within it to survive killing by complement and antimicrobial peptides and inhibit the penetration of antibody . Contributing to the biofilm's structure is the ability of micro-organisms to produce polysaccharides that can act as glue holding the biofilm together (Itoh et al., 2005; Sutherland, 2001) . It has been shown that polysaccharide produced by Mycoplasma pulmonis affects biofilm formation (Daubenspeck et al., 2009) . M. pulmonis forms biofilm structures on mouse tracheal epithelium . Hence, the different characteristics of the biofilms formed by M129 and UAB PO1 may reflect factors that are important for virulence. Nilsson et al. (2010) found no correlation between the genotype of M. pneumoniae and the severity of the disease as measured by whether a patient was hospitalized. While hospitalization may be one marker to differentiate disease severity, it does not necessarily consider other important aspects of infection that might be affected by biofilm formation or genotype, such as extrapulmonary complications, chronicity and efficacy of antibiotic therapy.
The propensity of the mycoplasmas to grow in a biofilm was assessed from the ratio of c.f.u. adhered to the surface versus those growing in suspension. UAB PO1 formed a much heavier biofilm than M129. A far greater percentage of UAB PO1 c.f.u. grew as a biofilm at all time points, suggesting that UAB PO1 is more cohesive. Microscopic analysis yielded information on the structure and the biovolume of the biofilms for growth periods of up to 10 days. Even after heavy growth, the biofilm formed by M129 did not appear similar to the biofilm grown by UAB PO1. The regions between the towers of M129 never developed robustly, and the margins of the towers and honeycombed regions never became smooth or mucoid. We conclude that the structures of the biofilms formed by the two strains are of two distinct types. This is further supported as the biofilms produced by strain PI 1428 are similar to those of M129 and the biofilms produced by strain FH are similar to those of UAB PO1. The structural differences could affect the ability of the mycoplasmas to resist complement and other antimicrobials. The cavities extending throughout the towers and a matrix that holds a biofilm loosely might facilitate the exchange of nutrients between the medium and the internal regions of the biofilms but also might allow more access of antimicrobials and render the mycoplasmas more susceptible to killing.
Using Congo red and analysis with lectins, a matrix was observed between the cells in the towers, in smaller clusters of cells, and on individual cells attached to the glass. An intercellular matrix containing polysaccharides rich in GlcNAc has been shown to contribute to the adhesion of many biofilms (Lasa, 2006) . GC analysis indicated that both M129 and UAB PO1 produce a polymer containing GlcNAc. The results of the GC and fluorescence analyses suggest that polymers containing GlcNAc are not tightly associated with the M129 cell surface and are secreted into the medium. As such, the GlcNAc-based polymer would not tether the cells of the biofilm together efficiently. In this model, the GlcNAc-containing polymer of UAB PO1 is held tightly to the cells and is able to contribute to the intercellular adhesion. This could account for the cavities observed in the towers of the biofilms formed by M129 but not in UAB PO1 and also may account for the smoothness of the towers formed by UAB PO1. The reason(s) that UAB PO1 holds the polysaccharide more tightly to the cell are unknown but might involve a lectin at the surface of the type 2 strains that binds the polysaccharide. Alternatively, the polysaccharide could be held to the cell by a lipid anchor that is absent in M129.
Genomic analysis indicated that M129 and PI 1428 are type 1 strains and FH and UAB PO1 are type 2, suggesting that the strain type of M. pneumoniae determines the biofilm type. Type-specific genetic differences could affect mycoplasma-polysaccharide interactions and hence biofilm structure. The genome rearrangements in regions 3 and 5, which do not correlate with the strain type, could logically be excluded from contributing to the biofilm type.
The rearrangements at regions 1 and 4 potentially provide for the production of additional proteins by the type 1 strains. Perhaps one of these proteins interferes with the anchoring of polysaccharide to the cells. In region 2, fusion between the MPN_137 and MPN_138 genes of the type 2 strains may code for a protein involved with anchoring of the polysaccharide. The differences in the tandem repeat regions, which may encode leucine zippers, found in MPN_137, MPN_138 and the fusion protein (Musatovova et al., 2008 (Musatovova et al., , 2012 may affect biofilm formation, perhaps through regulatory mechanisms. As the major proteins involved in attachment, such as the P1 and accessory proteins Balish et al., 2003; Krause, 1998; Waites et al., 2008) , were intact and correlated with strain type, it is also possible that the attachment apparatus has a role in anchoring polysaccharide. 
